Over the last decades, the incidence of ultraviolet B (UVB)-related skin problems has been increasing. Damages induced by UVB radiation are related to mutations that occur as a result of direct DNA damage and/or the production of reactive oxygen species. We investigated the anti-oxidant effects of a Polygonum multiflorum thumb extract against skin damage induced by UVB irradiation. Female SKH-1 hairless mice were divided into three groups: control (N = 7), distilled water-(N = 10), and P. multiflorum extract-treated (PM, N = 10) groups. The PM (10 g) was extracted with 100 mL distilled water, cryo-dried and 9.8 g was obtained. The animals received a topical application of 500 µL distilled water or PM extract (1, 2, 4, 8, and 16%, w/v, dissolved in distilled water) for 30 min after UVB irradiation (wavelength 280-320 nm, 300 mJ/cm 2 ; 3 min) of the dorsal kin for 14 days, and skin immunohistochemistry and Cu,Zn-superoxide dismutase (SOD1) activity were determined. SOD1 immunoreactivity, its protein levels and activities in the skin were significantly reduced by 70% in the distilled water-treated group after UVB irradiation compared to control. However, in the PM extract-treated groups, SOD1 immunoreactivity and its protein and activity levels increased in a dose-dependent manner (1-16%, w/v, PM extract) compared to the distilled water-treated group. SOD1 protein levels and activities in the groups treated with 8 and 16%, w/v, PM extract recovered to 80-90% of the control group levels after UVB. These results suggest that PM extract strongly inhibits the destruction of SOD1 by UV radiation and probably contains anti-skin photoaging agents.
Introduction
It is generally accepted that air pollution is reducing the ozone layer, a phenomenon predicted to increase the levels of ultraviolet (UV) radiation reaching the earth's surface. The incidence of ultraviolet B (UVB)-related skin problems and the interest in protecting the skin from the harmful effects of UVB are increasing (1) (2) (3) . Although UVB represents only a small part of the UV spectrum, it has potent biological effects in terms of skin cancer (4), skin aging (5) and cataract formation (6, 7) . The damages induced by UVB radiation are mediated by a complex cascade of events initiated by chromosomal alterations and mutations that occur as a result of direct DNA damage and/or the production of reactive oxygen species (8) (9) (10) . Moreover, UVB-induced free radical formation and subsequent lipid peroxidation are considered to be a major mechanism of UV irradiation-induced cutaneous photodamage (11) .
Some herbs used in traditional Oriental medicine have potent anti-oxidative effects against UVB-induced skin damage, ischemic brain damage, and free radical damage (3, 12) . The root of Polygonum multiflorum thumb (PM) is used in Oriental medicine because it is said to have mild antibacterial and antifungal effects, and an anti-aging effect (13) . In addition, it has been reported that PM extracts promote cellular antioxidant activity, increase the activity of Cu,Znsuperoxide dismutase (SOD1), inhibit the formation of oxidized lipids, and repress lipid peroxidation in the mitochondria of the rat heart (14) .
Although PM has been found to act as an anti-oxidant in rat heart disease (14) , no studies have been undertaken on its protective effects against UVB-induced skin damage. In the present study, we determined the anti-oxidant effects of PM topically applied to UVB-irradiated skin in hairless mice.
Material and Methods

Experimental animals
The progeny of female SKH-1 hairless mice (8 weeks old) obtained from Charles River Laboratories (Wilmington, MA, USA) were allowed to acclimatize for 7 days prior to the beginning of the experiment. The animals were housed under constant temperature (23ºC) and relative humidity (60%) with a 12-h light/dark cycle and free access to food and water. Procedures involving animals and their care conformed to the institutional guidelines, which are in compliance with current international laws and policies of NIH 1996 (15) and were approved by the Institutional Animal Care and Use Committee of the Hallym Medical Center. All experiments were conducted to minimize the number of animals used and the suffering caused.
Extraction of Polygonum multiflorum
Dry PM roots were purchased from a local store in South Korea and extracted as described in a previous study (16) . Briefly, dried PM roots were cut into small pieces and extracted three times with distilled water, and the extracts were concentrated by evaporation.
Treatment with Polygonum multiflorum extract
The animals were divided into three groups. The first group served as control. The second group received a topical application of 500 µL distilled water on the dorsal skin after UVB irradiation (300 mJ/cm 2 ; 3 min) daily for 14 days. The third groups received a topical application of 500 µL of the PM extract (1, 2, 4, 8, and 16%, w/v, in distilled water, respectively) daily for 14 days on the dorsal skin immediately after UVB irradiation (wavelength 280-320 nm, 300 mJ/cm 2 ; 3 min) (17) . The animals were anesthetized with a mixture of 2.5% isoflurane (Baxtor, Deerfield, IL, USA) in 33% oxygen and 67% nitrous oxide during the topical application of distilled water or PM extract.
Tissue processing
The dorsal skins of the control, distilled water-and PM extract-treated animals were processed simultaneously at the same time on the same day. For immunohistochemistry, the animals were anesthetized with pentobarbital sodium, and then affected areas were dissected out and fixed with paraformaldehyde in 100 mM PBS for 6 h. The tissues were cryoprotected by infiltration with 30% sucrose overnight and then frozen and serially sectioned into 10-µm thick vertical sections on a cryostat, and the sections were mounted onto gelatin-coated glass slides.
SOD1 immunohistochemistry
The sections of the control (N = 7), distilled water-and PM extract-treated groups (N = 10 in each group) were processed simultaneously for immunohistochemistry at the same time on the same day. The sections were sequentially treated with 0.3% hydrogen peroxide in PBS for 30 min and 10% normal horse serum in 50 mM PBS for 30 min. They were next incubated with diluted sheep anti-SOD1 antibody (diluted 1:1,000, Calbiochem, San Diego, CA, USA) overnight at room temperature and subsequently exposed to biotinylated rat anti-sheep IgG and streptavidin peroxidase complex (1:200, Vector Laboratories, Burlingame, CA, USA). Next, the immunoreactive cells were visualized with 3,3'-diaminobenzidine in 0.1 M Tris buffer, dehydrated and mounted with Canada Balsam (Kanto, Tokyo, Japan) (18) .
In order to establish the specificity of immunostaining, a negative control was carried out by substituting normal sheep serum for primary antibody or by omitting the primary antibody. The negative control indicated the absence of immunoreactivity in the cell structures.
Western blot analysis
Seven animals in each group were used for the Western blot study (19) . After sacrifice, the areas or irradiated skin were removed and the tissues were homogenized in 50 mM PBS, pH 7.4, containing 0.1 mM EGTA, pH 8.0, 0.2% NP-40, 10 mM EDTA, pH 8.0, 15 mM sodium pyrophosphate, 100 mM ß-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM PMSF, and 1 mM DTT. After centrifugation at 10,000 g, protein concentration was determined in the supernatants using the Micro BCA protein assay kit with bovine serum albumin as the standard (Pierce Chemical Company, Rockford, IL, USA).
Aliquots containing 20 µg total protein were boiled in loading buffer containing 150 mM Tris, pH 6.8, 3 mM DTT, 6% SDS, 0.3% bromophenol blue, and 30% glycerol. Then, each aliquot was loaded onto a 10% polyacrylamide gel. After electrophoresis, the gels were transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, NH, USA). To reduce background staining, the membranes were incubated with 5% nonfat dry milk in PBS containing 0.1% Tween 20 for 45 min, followed by incubation with sheep anti-SOD1 antiserum (1:1,000) containing peroxidase conjugated rabbit antisheep IgG (Sigma, St. Louis, MO, USA), and then with an ECL kit (Amersham, Buckinghamshire, UK).
Determination of SOD1 activity
The same animals used for Western blot analysis were used in this analysis. SOD1 activity in the skin was measured according to a previous study (18, 19) . The assay mix-ture consisted of a 2.90-mL solution (solution A) containing 6.2 mg xanthine and 65.4 mg cytochrome C in 0.05 M KH 2 PO 4 /NaOH buffer, pH 7.8, and 50 µL enzyme. Prior to addition of the enzyme, the absorbance of solution A at 550 nm was monitored for 2.0 min at 30-s intervals to establish a baseline slope. The extract used in the Western blot (50 µL) was then added to solution A and absorbance measurement was continued every 30 s for another 4.0 min. The slope (∆Abs/∆t) observed from 2.5 to 5.5 min was then compared to the slope during the first 2.0 min to determine if the test solution reduced the rate of cytochrome C reduction (increase in absorbance at 550 nm (A 550 )). Each sample was assayed at least twice, unless otherwise noted.
One unit of SOD1 activity was defined as a 50% decrease in the rate of cytochrome C reduction. Ideally, the initial rate of cytochrome C reduction after SOD1 addition was a change of 0.025 absorbance units per minute at 550 nm. To calculate the units of SOD1 activity in the assayed fraction, the rate of A 550 increase from 2.5 to 5.5 min was divided by the initial rate from 0 to 2.0 min. This represents the percent difference in rate (18, 19) . This was subtracted from 100% to obtain the percent decrease in A 550 increase. The resultant percent was then divided by 50% to normalize to units of SOD1 activity. These calculated units of SOD1 activity were then normalized for protein content by dividing by mg protein in the 50-µL sample assayed. The protein content of the sample was determined by the method of Lowry et al. (20) using bovine serum albumin as a standard.
Data quantitation and statistical analysis
In order to ensure objectivity under blind conditions, all determinations or observations were performed by two observers for each experiment on control and experimental sections at the same time on the same day.
For quantitative analysis of SOD1 immunoreactivity in the skin, 15 sections per animal were randomly selected within the corresponding levels of the skin. At a magnification of 25-50X, the regions were outlined on the monitor and their areas were measured. All SOD1 immunoreactive structures taken from the epidermis and dermis were documented with an Axiophot light microscope (Carl Zeiss, Forschen, Germany) connected to a PC monitor via a CCD camera. Video images were digitized into an array of 512 x 512 pixels corresponding to a tissue area of 140 x 140 µm (40X primary magnification). To evaluate the SOD1 immunoreactive structures, the SOD1 immunolabeled structures were selected by the imageJ software by interactively determining each cell limit.
Each pixel resolution was of 256 gray levels. The intensity of SOD1 immunoreactivity was evaluated by means of a relative optical density (ROD) value. ROD was obtained after transformation of mean gray values into ROD using the formula: ROD = log (256/mean gray). The values of background staining were obtained and subtracted from the ROD values of all immunoreactive structures before statistical processing. ROD values are reported as ROD units. Also, the results of the Western blot study were scanned and an ROD value was obtained using the Scion Image software (Scion Corp., Frederick, MD, USA).
Inter-animal differences in each group and inter-experimental differences were not statistically significant. The values reported here are the means of experiments performed for each skin area. Differences among the means were analyzed statistically by oneway analysis of variance followed by the Duncan new multiple range method or Newman-Keuls test to elucidate the changes in SOD1 activity and protein levels in the PM extract-treated group compared to the control group or to characterize the dose-dependent changes of SOD1 activity and pro-tein levels. P < 0.05 was considered to be significant.
Results
SOD1 immunoreactivity
In the control group, weak SOD1 immunoreactivity was detected in the epidermis and dermis ( Figure 1A ). In the group treated with distilled water after UVB irradiation, SOD1 immunoreactivity was significantly decreased in the epidermis and dermis (Figures 1B and 2 ). In this group, SOD1 immunoreactivity almost disappeared in the skin. However, in the group treated with the PM extract after UVB irradiation, SOD1 immunoreactivity was significantly increased compared to control and to the group treated with distilled water after UVB irradiation (Figures 1C-E and 2 ). In the 1% PM extracttreated group, SOD1 immunoreactivity was markedly increased in the epidermis, while SOD1 immunoreactivity in the dermis was slightly increased (Figures 1C and 2 ). In the 2 and 4% PM extract-treated groups, SOD1 immunoreactivity was increased in the epidermis as well as in the dermis (Figures 1D  and 2 ). In the 8 and 16% PM extract-treated groups, SOD1 immunoreactivity was significantly increased in both the epidermis and dermis (Figures 1E and 2 ).
SOD1 protein levels
In the group treated with distilled water after UVB irradiation, SOD1 protein levels were significantly reduced by 70% compared to the control group (Figure 3) . However, in the PM extract-treated groups, SOD1 protein levels were dose-dependently increased compared to the distilled watertreated group (Figure 3 ). In the 1% PM extract-treated group, SOD1 protein levels were increased by 41% vs the control group. In the 2 and 4% PM extract-treated groups, SOD1 protein levels were 52 and 64% of 
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Polygonum multiflorum thumb (PM) extracttreated (C-E) groups after UVB irradiation for 14 days. SOD1 immunoreactivity in the group treated with distilled water after UVB irradiation was significantly decreased in the epidermis and dermis compared to control (B). In the PM extract-treated groups, SOD1 immunoreactivity was increased in a dosedependent manner in the epidermis and dermis (C-E). Bar = 200 µm. Figure 2 . Relative absorbance of Cu,Zn-superoxide dismutase immunoreactivity in the epidermis and dermis of control (N = 7), distilled water-treated (N = 10) and Polygonum multiflorum thumb (PM) extract-treated groups (n = 10) after UVB irradiation for 14 days. The quantitative data obtained using image analysis were consistent with the immunohistochemical data. *P < 0.05 compared to the control group; + P < 0.05 compared to the distilled water-treated group (one-way ANOVA). Data are reported as means ± SD. Figure 3 . Top: Western blot analysis of SOD1. Bottom: Cu,Zn-superoxide dismutase (SOD1) protein levels in the skin of control (N = 7), distilled water-treated (N = 10) and Polygonum multiflorum thumb (PM) extract-treated groups (N = 10) after UVB irradiation for 14 days. SOD1 protein levels of the distilled water-treated group were reduced compared to control. However, in the PM extract-treated groups, SOD1 protein levels were dose-dependently increased compared to the distilled water-treated group. *P < 0.05 compared to control; + P < 0.05 compared to the distilled water-treated group (one-way ANOVA). Data are reported as means ± SD. Figure 4 . Relative Cu,Zn-superoxide dismutase (SOD1) specific activity in the skin of control (N = 7), distilled water-treated (N = 10) and Polygonum multiflorum thumb (PM) extract-treated groups (N = 10) after UVB irradiation. SOD1 activity was significantly reduced in the distilled water-treated group, whereas it reached 90% of the control group levels in the 16% PM extract-treated groups. *P < 0.05 compared to control; + P < 0.05 compared to the distilled water-treated group (one-way ANOVA). Data are reported as means ± SD. those in the control group. SOD1 protein levels in the 8 and 16% PM extract-treated groups increased to 83 and 78% of control levels, respectively.
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SOD1 activity
Skin SOD1 activity was reflected by Western blot data (not shown) in each experimental group (Figure 4) . In the group treated with distilled water after UVB irradiation, SOD1 activity was significantly reduced to 53% of the activity of the control group. In the 1% PM extract-treated group, SOD1 activity was 63% of that in the control group. In the 2 and 4% PM extract-treated groups, SOD1 activity was 76 and 82% of the control group, respectively. In addition, in the 8 and 16% PM extract-treated groups, SOD1 activity was 91 and 92% of the control group, respectively.
Discussion
Antioxidants play a crucial role in ameliorating or indeed preventing photobiologic damage (phototoxicity, photoaging and cancers) in vivo (21, 22) . It has been reported that PM extracts promote cellular antioxidant activity and increase the potency of SOD1 (14) . A previous study reported that pretreatment with a PM extract produced a dose-dependent protection against myocardial ischemia-reperfusion injury and had the ability to sustain glutathione antioxidant status under conditions of ischemia/reperfusion-induced oxidative stress (13) .
It has been reported that SOD1 activity is significantly suppressed by single-dose UVB irradiation (23) , whereas it is induced by repeated exposure to UVB in response to chronic photo-oxidative stress (24) . However, continual cumulative stress may overwhelm the capacity of this system, with SOD1 activity being significantly decreased in the skin (24) . In the present study, chronic UVB irradiation of the skin induced a significant reduction in SOD1 immunoreactivity, its protein content and activity compared to control. This result suggests that endogenous SOD1 is utilized to neutralize UVBinduced oxygen free radicals. UVB-induced modifications include changes in proteins involved in cell cycle activity, cellular repair, proliferation, and apoptosis (6, 9, 10) . UVB irradiation produces an increase in reactive oxygen species such as superoxide ion and hydrogen peroxide. This apparent UVB-mediated increase in oxidative stress is further supported by a significant increase in muscle/skin thiobarbituric acid-like reactive species (25, 26) . These radicals increase lipid peroxide levels in the skin, which reach a minimum 2-3 days after irradiation, and then gradually return to baseline. Hence, in cases of acute irradiation, SOD1 and its activities are sharply reduced (27, 28) .
In the present study, topical administration of PM extracts to the mouse dorsal skin after UVB irradiation sustained SOD1 immunoreactivity, its protein content and activity against UVB irradiation-induced stress. These parameters were significantly reduced in the skin of the distilled water-treated group, whereas they were dose-dependently increased in the PM extract-treated group. The SOD1 protein levels and activities of the groups treated with 8 and 16% PM extract after UVB irradiation recovered to 80-90% of control levels. These results indicate that topical application of PM extracts strongly inhibits the oxidative stress induced by UVB irradiation.
Chronic UVB irradiation of the skin reduces SOD1 immunoreactivity, protein content and activity. However, topical administration of PM extracts after UVB irradiation directly or indirectly sustains endogenous SOD1 immunoreactivity, activity and protein levels. These results suggest that PM extract may have an anti-photoaging effect against UVB irradiation.
